Aims/hypothesis. Several studies have employed the chronic glucose infusion protocol to quantify the metabolic adaptations associated with a prolonged glucose challenge. However, the limited number of indices and time points reported by these studies has generated an incomplete picture of this process. In this study we aimed to generate an integrative and dynamic picture of the physiological adaptations that occur during chronic glucose infusion. Methods. Sprague-Dawley rats were infused with either 50% dextrose or saline (2 ml/h) for a period of between 0 and 6 days. Glucose, insulin and NEFA dynamics were determined from daily blood samples. Subsets of animals were killed daily for histological determination of beta cell mass, size and replication rates. The mathematical model of coupled beta cell mass, insulin and glucose (the βIG model) was used to estimate insulin sensitivity, beta cell function and net neogenesis from this data. Results. Glucose-infused rats displayed transient hyperglycaemia, persistent hyperinsulinaemia and unchanged NEFA levels. Insulin sensitivity decreased by approximately 80% during the first day of glucose infusion, but had returned to pre-infusion levels by Day 3. Beta cell function was four to six times higher than in control rats throughout the experiment. Beta cell mass doubled over the 6 days of glucose infusion due to three phases of adaptation: (i) neogenesis; (ii) hypertrophy and hyperplasia; and (iii) continued hyperplasia coupled to a second wave of neogenesis. Conclusions/interpretation. Contrary to the results reported for perfused pancreas and in vitro experiments, we found that chronic glucose infusion elevated beta cell function. The prediction of a second wave of beta cell neogenesis, coupled with our previous report of "focal areas" on Day 3, suggests the existence of delayed acinar-to-islet transdifferentiation.
Introduction
Since its first application in the 1980s [1] , chronic high-dose glucose infusion has been used to quantify the effects of increased glucose supply on insulin sen-sitivity [2, 3, 4] , beta cell function [5, 6, 7, 8, 9] , beta cell mass [6, 10, 11] and indices of beta cell replication [10, 11] , death [10] and neogenesis [10] . However, the limited number of variables and time points presented in these studies has led to an incomplete understanding of this process. For example, hyperglycaemia has long been known to induce insulin resistance in muscle. However, recent studies have shown that prolonged glucose infusion leads to augmented insulin action in adipose tissue [3, 4] . The time course and sustainability of this adaptation remains unclear. Also, several in vitro and in situ studies have suggested that beta cell function is impaired by chronic glucose infusion, while in vivo acute insulin response studies have provided conflicting results [5, 6, 7, 8] . Finally, while several studies have reported morphological evidence of neogenesis, apoptosis or transdifferentiation, it is unclear whether changes in these markers reflect significant contributions of these processes to the observed beta-cell-mass dynamics [6, 10, 11] .
Existing studies tend to focus on only one of the following: insulin resistance, beta cell function or beta cell mass. This is based partly on the time, expense and expertise associated with existing in vivo methodologies such as the hyperinsulinaemic clamp, perfusion of the pancreas and quantitative histology. The same factors also explain the limited number of time points typically reported in these studies. The relative contributions of death and neogenesis to overall betacell-mass dynamics cannot be quantified due to an incomplete understanding of the time taken for a labelled cell to progress from one stage to another (i.e. alive to engulfed or duct cell, or acinar cell to beta cell). Taken together, these limitations suggest that novel in vivo methodologies or data analysis techniques need to be developed if a truly integrative and dynamical analysis of this process is to be obtained.
While advancements in longitudinal in vivo imaging techniques hold great potential for the indirect assessment of cellular population sizes or gene transcription rates, mathematical modelling has already been used to indirectly assess metabolic processes from easily obtained experimental data. Examples of this include the homeostasis model assessment (HOMA) [12] and the quantitative insulin sensitivity check index (QUICKI) [13] , which have widely been used to estimate insulin sensitivity and/or beta cell function from fasting glucose and insulin levels. In addition to the indirect assessment of metabolic indices, mathematical modelling has been used to generate indices that cannot be determined histologically, such as rates of beta cell death or neogenesis in vivo [14] . We recently developed a mathematical model that coupled the dynamics of beta cell mass, insulin and glucose (the βIG model). Although this was initially designed as a bifurcation and simulation analysis tool, we found that the βIG model could also be used to generate indirect estimates of insulin sensitivity, beta cell function and net beta cell neogenesis [15] . These indices have been shown to correlate strongly with indices derived from the Minimal model and from HOMA in a large human data set covering the entire range of glucose tolerance (data not shown). However, unlike the HOMA, QUICKI and Minimal models, the βIG model can be easily re-fitted with species-specific parameter values and applied to in vivo data.
The aim of this study was to perform an integrative and dynamic analysis of the metabolic adaptations to chronic glucose infusion by using the βIG model to generate daily estimates of insulin sensitivity, beta cell function and net neogenesis from experimental data obtained in Sprague-Dawley rats infused with 50% dextrose or saline over a period of between 0 and 6 days.
Materials and methods
Animals. The infusion protocol used was similar to that of Bonner-Weir et al. [11] . Male Sprague-Dawley rats (weight ~230 g) were housed in plastic shoebox cages at 22°C, with a light-dark cycle of 12 h each, and had free access to food and water. Under anaesthesia (sodium pentobarbital, 35 mg/kg i.p.), each rat was fitted with an indwelling jugular catheter (Intramedic PE50; Becton Dickinson, Sparks, Md., USA), which was exteriorised at the nape of the neck and connected by flexible tether to a swivel system. The tethers were attached to lightweight stretch cotton vests that were custom-made to fit the rats, allowing for free movement within the cage. All procedures were performed in accordance with the standards of the Canadian Council on Animal Care and were approved by the Health Sciences Animal Welfare Committee at the University of Alberta (Edmonton, Alta, Canada) and the Animal Care Committee of Simon Fraser University (Burnaby, BC, Canada).
During recovery from surgery, catheter patency was maintained by a slow infusion of 0.9% saline. After 3 to 5 days, rats were either killed (Day 0, n=10) or infused (2 ml/h) with 0.45% saline (n=40) or 50% dextrose in 0.45% saline (n=65) for 1, 2, 3, 4, 5 or 6 days. Blood samples were taken daily from the tail vein. Animals were allowed free access to regular chow and water during the infusion period. On the final infusion day, 6 h before the animals were killed, each rat was injected with 100 mg/kg of 5-bromo-2′-deoxyuridine (BrdU; Amersham Canada, Oakville Ont, Canada), a thymidine analogue which is incorporated into newly synthesised DNA. At the time of killing, rats were anaesthetised (sodium pentobarbital 35 mg/kg i.p.) and a blood sample was taken by cardiac puncture. The pancreas was rapidly excised and dissected free from surrounding connective and adipose tissue. Each pancreas was cut into three pieces, which were then blotted, weighed and placed in separate cassettes. The tissue was fixed overnight in Bouin's solution, washed for 8 h in cold running water and then stored in 10% buffered formalin before being embedded in paraffin.
Plasma assays. Blood samples were kept on ice prior to centrifugation to recover plasma. Plasma was stored at −20°C until assayed. Plasma glucose was measured by the glucose oxidase method (Trinder kit; Sigma Diagnostics, St. Louis, Mo., USA) on duplicate 5-µl samples using a microplate reader. Plasma NEFA were determined using an enzymatic colorimetric method (ACS-ACOD; Wako Chemicals USA, Rich-mond, Va., USA) on duplicate 4-µl samples using the microplate reader. Plasma insulin was assayed by RIA using a specific anti-rat-insulin antibody and rat insulin standards (Linco Research, St. Louis, Mo., USA). The detection limit was 0.1 ng/ml, and the intra-assay and inter-assay coefficients of variation were lower than 10%.
Immunocytochemistry. Sections (4-5 µm thick) from each of the three pieces of pancreas were de-waxed in xylene. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide. After washing in PBS, the sections were incubated with 10% lamb serum in PBS for 30 min at room temperature. The slides used for determination of beta cell mass and size were stained with a cocktail of antibodies to glucagon, somatostatin and pancreatic polypeptide (rabbit anti-human, 1:2000 dilution; Dako Diagnostics Canada, Mississauga, Ont, Canada) for identification of islet non-beta cells (alpha, delta, PP cells). The slides used for determination of beta cell replication were double-stained with the antibody cocktail and anti-BrdU antibody (mouse monoclonal anti-BrdU, 1:100 dilution; Amersham Canada). The slides were incubated with primary antibodies overnight at 4°C before being washed in PBS and incubated with the secondary antibodies (biotinylated goat anti-guinea pig IgG, biotinylated goat anti-mouse IgG or biotinylated goat antirabbit IgG, 1:500 dilution; Dako Diagnostics, Canada) for 1 h at room temperature. Sections were then washed in PBS, incubated with avidin-biotin complexed with horseradish peroxidase (1:1000 dilution; Vectastain Elite ABC Kit, Vector Laboratories Canada, Burlington, Ont, Canada) for 1 h and then developed using 3,3′-diaminobenzidine tetrahydrochloride (DAB; SigmaAldrich Canada, Oakville, Ont, Canada). All slides were counterstained with Meyers haematoxylin (Sigma-Aldrich).
Determination of beta cell mass. Beta cell mass was determined from antibody-cocktail-stained sections using an image analysis system. This system consisted of an Olympus light microscope (Model BX40, Carsen Group, Markham, Ont, Canada) attached to Sony colour video camera (Model DXC-950, Sony, Tokyo, Japan) and Northern Eclipse software (Empix Imaging, Mississauga, Ont, Canada). Each section was stepped through in 1.5×1.5-mm stage increments (at 400× magnification). For each field, the areas corresponding to pancreas (exocrine and endocrine), non-pancreas (fat, space, connective tissue) and islet (beta cells and non-beta cells) were determined. Total islet area was determined by hand-tracing each islet perimeter identified by the mantle of non-beta cells and the morphology of the tissue. Non-beta cell area was determined by distinguishing DABstained tissue within the hand-traced region of interest using the threshold function of the image analysis software. Beta cell area was calculated as the difference between total islet area and non-beta cell area. Islet area relative to total tissue area was determined by using the threshold function to quantify total tissue area stained with haematoxylin and DAB in each field. For fields containing adipose tissue, the area of "white space" previously occupied by lipid was determined separately and added to the total tissue area. Beta cell mass was calculated as the relative area of tissue occupied by beta cells multiplied by the wet weight of pancreas segment. Data from individual portions of each pancreas were summed.
Determination of beta cell size. Measurements of individual beta cell area were made in islets with ten or more beta cells, since significantly greater measurement error was associated with smaller islets (data not shown). Antibody-cocktail-stained sections were scanned and every islet with ten or more beta cells was assessed for beta cell size. Beta cell area was determined as described above by hand-tracing the islet perimeter and "thresholding" for non-beta cells stained by cocktail. The number of nuclei in the beta cell area was counted and the average cross-sectional area of a single beta cell was calculated as the total beta cell area divided by the number of nuclei. This method has been shown to overestimate average beta cell size compared with electron microscope determinations, but is considered acceptable for comparison of treatment effects [10, 16] . Beta cell volume was estimated from the cross-sectional area based on the calculated radius (area = πr 2 ) and the volume of a sphere (volume = 4/3πr 3 ). The average beta cell size (in µg) is represented by the symbol β s .
Determination of beta cell replication. Sections double-stained with antibody cocktail and anti-BrdU antibody were used to assess beta cell replication. BrdU incorporation was determined by systematically sampling all of the beta cells in each section that were identified with cocktail staining, using a light microscope under high magnification (×1000). Beta cells incorporating BrdU (BrdU-positive) had blue/black nuclei.
βIG model estimates of insulin sensitivity, beta cell function and net-neogenesis. A schematic diagram of the βIG-model feedback loops is shown in Figure 1 . Details of the βIG model data analysis can be found in the appendix.
Statistical analysis. Data are presented as means ± SEM unless stated otherwise. For the measured variables (glucose, insulin, beta cell mass, BrdU incorporation, beta cell cross-sectional area), the effect of treatment (saline vs glucose infusion) and time were determined by analysis of variance with TukeyKraemer post-hoc tests. Unless otherwise stated, a p value of less than 0.05 was considered significant. All statistical calculations were performed using SAS, Version 7.0 (SAS Institute, Cary, N.C., USA).
Results
Body and pancreas weight. Body weight and pancreatic weight data are presented in Table 1 . Except for Day 4 of infusion, body weight did not differ between the Fig. 1 . The βIG mathematical model of coupled beta cell mass (β), insulin (I) and glucose (G) dynamics. Glucose regulates blood insulin levels by increasing insulin secretion rates over a fast time scale, and by augmenting beta cell replication and death rates over a slower time scale. +, positive feedback; −, negative feedback saline-infused group and the glucose-infused group. While there was a general tendency for the animals to gain weight with increasing length of infusion of either type, this was only significant on Day 5 of infusion and may be due in part to differences between groups prior to surgery (data not shown). Pancreas mass was approximately 35% lower in glucose-infused rats than in saline-infused rats on all infusion days except Day 5 (Table 1) .
Plasma data. Saline infusion led to a slight (~15%) reduction in plasma glucose levels, but had no effect on plasma insulin concentrations (Fig. 2) . The NEFA concentration tended to increase with time in salineinfused animals. The glucose-infused animals displayed marked hyperglycaemia on Day 1 and Day 2 of infusion. Glucose returned to pre-infusion levels by Day 3 and remained low throughout the remainder of the study. Insulin levels increased from 180±12 to 2256±306 pmol/l during the first day of infusion and decreased to 1476±792 pmol/l by Day 5 (Fig. 2) . NEFA levels rose on Day 1 then returned to baseline levels by Day 2 and thus tended to be lower than levels observed in saline-infused animals. It should be noted that glucose and insulin dynamics were derived from tail-vein blood samples while NEFA levels were determined from cardiac puncture blood samples that were taken at the time that the animals were killed. Tail-vein blood samples were not taken on the day the animals were killed; consequently, neither glucose nor insulin data are available for Day 6 of infusion.
Histological analysis of pancreas. Saline infusion did not affect beta cell mass or individual beta cell size; however, it did have a small but significant negative effect on BrdU incorporation on Day 3 and Day 5 of infusion. Conversely, glucose-infused animals displayed an approximately linear two-fold increase in beta cell mass (from 5.1±0.3 mg on Day 0 to 10.0±0.9 mg on Day 6). Average beta cell size increased by approximately 25% between Days 1 and 3 of glucose infusion (Fig. 3) . Replication rates, as assessed by BrdU incorporation, displayed a non-linear βIG model analysis. In the saline group, insulin sensitivity remained statistically unchanged, but did display a trend towards an increase (Fig. 4) . This result is consistent with modest decrease in glucose levels seen in the present study during a period of constant insulinaemia. While the dynamics of insulin sensitivity are reasonably intuitive in the saline group, the presence of a chronic glucose infusion complicates the calculation. However, βIG model analysis of these data suggests that glucose levels on Day 1 and Day 2 of infusion are higher than can be accounted for by the chronic glucose infusion alone (given the observed degree of insulinaemia). This analysis suggests that whole-body insulin sensitivity decreased by approximately 80% on Day 1 in saline-infused rats. While it is clear that insulin sensitivity increases between Days 2 and 3 (as glucose levels drop dramatically while insulinaemia and infusion rates remain unchanged), the magnitude of this change is non-intuitive. The βIG model analysis of these data suggests that during this period insulin sensitivity returns to the pre-infusion level and remains at this level for the remainder of the study. The βIG model estimates of beta cell function for the two groups are presented in Figure 4 . The estimates indicate whether the observed insulin levels are higher or lower than those expected for the prevailing values for glucose and beta cell mass in the two groups. The saline-infused animals displayed stable insulin levels, consistent with the relatively unchanged values observed for glucose levels and beta cell mass in these animals. Thus, βIG model analysis of these data suggests that beta cell function remains unchanged in the saline group. Conversely, the glucose-infused animals displayed hyperinsulinaemia beyond that predicted by the observed dynamics for glucose and beta cell mass alone. The βIG model analysis of this data suggests a transient increase (three-to four-fold) in beta cell function in these animals (Fig. 4) . The observation of constant beta cell mass in the presence of constant beta cell replication rates (~2% per day) in saline-infused animals clearly suggests that these animals display a constant rate of net neogenesis (neogenesis−death = −2% per day). Beta cell mass dynamics in the glucose-infused animals proved to be more complex. The data for beta cell mass, cell size and BrdU data were fitted using simple equations (linear, sigmoid and piecewise linear equations respectively), and the curve-fit data were subsequently used to estimate net neogenesis. Our calculations suggest glucose-infused rats display two waves of net neogenesis which are interrupted by a wave of net beta cell death (Fig. 4) . Although we cannot calculate independent estimates for the rate of neogenesis or the rate of beta cell death, these data do suggest that each of the two waves of neogenesis must be no lower than 4% per day (as death rates are >0% per day). Similarly, the middle wave of beta cell death rates must incorporate death of at least 5% per day (as the neogenesis rate cannot be negative).
Discussion
Humans and animals with Type 2 diabetes display insulin resistance, insulin secretory defects and insufficient (possibly reduced) beta cell mass [16, 17, 18, 19, 20] . Several authors have suggested that diabetes is characterised by insufficient beta cell adaptation to insulin resistance [15, 21, 22] followed by beta cell failure. While there is increasing evidence suggesting that glucose plays a critical role in beta cell failure [23, 24, 25, 26, 27] , the role of glucose during the early phase of insufficient adaptation has been the subject of much debate. Some authors have proposed that glucose is the primary regulator of beta cell mass and function in vivo, whereas others have noted beta cell adaptation in the absence of hyperglycaemia [5, 6, 8, 10, 15, 28, 29, 30, 31, 32] . Several researchers have employed the chronic glucose infusion protocol to investigate the effects of chronic hyperglycaemia on beta cell mass, replication, death, neogenesis and function, and on peripheral insulin action [1, 2, 3, 5, 6, 7, 8, 10, 11, 25] . Due to the limitations of existing experimental techniques, these studies have each reported only a limited number of variables and time points.
In this study, we utilised quantitative morphology and mathematical modelling to estimate the full dynamical response of each of the physiological variables listed above during a chronic glucose infusion. Our findings were consistent with previous reports of transient insulin resistance and elevated beta cell function in vivo [3, 7] . We were also able to confirm the contributions of neogenesis, hypertrophy and hyperplasia in the early expansion of the beta cell mass in this protocol. Novel findings from this study include the βIG model prediction of increased beta cell death during Day 2 of infusion and the existence of a second wave of beta cell neogenesis that occurs during the second half of the study. This predicted second wave of neogenesis is consistent with our previous finding of "focal" areas on Day 3 of chronic glucose infusion [33] .
The predicted dynamics of whole-body insulin sensitivity reported here are consistent with previous animal studies that have addressed this issue. Laybutt and colleagues demonstrated that whole-body insulin sensitivity was reduced on Day 1 of glucose infusion, but normalised by Day 4 [3] . The initial insulin resistance has been shown to mainly be based in muscle and likely occurs as a direct result of the prevailing hyperglycaemia [2, 3, 34] . Later increases in insulin sensitivity are largely due to increased glucose uptake by adipose tissue [3, 4] . The mechanisms regulating this adaptation are not well understood. The similarity of our model predictions to data from the literature, coupled to the previous observation of a strong correlation between βIG model and Minimal model estimates of insulin sensitivity, suggests that the dynamics of insulin sensitivity reported here are accurate. Thus, while hyperglycaemia and hyperinsulinaemia have long been shown to cause insulin resistance [34, 35] , the transient nature of this insulin resistance suggests that long-term insulin sensitivity may be regulated by adipose tissue physiology.
In this study, consistent with previous results, chronic glucose infusion led to persistent hyperinsulinaemia, despite the fact that the hyperglycaemia was observed to be transient. Previous studies on the contribution of beta cell function to this hyperinsulinaemia have produced conflicting results. Our findings are consistent with existing studies that have utilised in vivo methodologies to quantify beta cell function, but are in contrast with studies that have utilised in situ or in vitro methodologies to estimate glucose-induced insulin secretion [5, 6, 7, 8, 36, 37] . One animal study, in which both in vivo and in situ measurements of beta cell function were taken following 4 days of glucose infusion, found that insulin secretion was elevated in vivo but reduced in situ [37] . Discrepancy between in vitro and in vivo indices of beta cell function may be related to changes in beta cell function during the isolation process or to some other blood-borne secretagogue.
The observed rate of beta cell mass expansion in this study is similar to, or slower than, the rates reported in other chronic glucose infusion studies [6, 10, 11, 36] . Our beta cell replication and hypertrophy data are consistent with previous reports [10, 11, 36] . The early wave of beta cell neogenesis predicted in this study is also in agreement with a previous finding of neogenesis at 24 h but not at 48 h [10] . The prediction of a wave of beta cell death during the second day of infusion provides corroborating evidence for hyperglycaemia-induced apoptosis [38] . However, in contrast with our prediction, the results of a study by Bernard et al. indicated a reduced number of TUNEL-positive beta cells on Day 1 and Day 2 of glucose infusion [10] . Firstly, it should be noted that both this study and the present study reported increasing replication, increasing cell size and a relatively constant beta cell mass during the second day of infusion. These data intuitively suggest increased beta cell death during this period. Secondly, given that our predicted wave of apoptosis was highly transient and peaked at 36 h, and that Bernard et al. quantified TUNEL-positive beta cells at 24 h and 48 h, it is possible that this brief wave was not detected in the latter study. It is also important to remember that these two methods provide different indices of cell death, which are subject to different potential sources of error. In the βIG model, errors or biases in beta cell mass and replication affect the estimate of beta cell death, whereas use of the TUNEL method as an index of the rate of beta cell death is based on the assumption that the clearance of the apoptotic cells is not affected by the treatment [39] . Finally, this discrepancy may simply reflect differences in animal models (adult Wistar rat versus young SpragueDawley rat). Further investigation is necessary if this difference is to be resolved.
Our model-based analysis of beta cell mass dynamics predicted a second wave of beta cell neogenesis between Day 3 and Day 6 of glucose infusion. This is consistent with our previous finding of "focal areas" on Day 3 of glucose infusion [33] . These areas, consisting of de-differentiated acinar tissue full of BrdUpositive cells and small amounts of insulin staining, are similar to those previously reported following a partial pancreatectomy [40] . Together, these data suggest a potentially important contribution of acinar-toislet transdifferentiation to the beta cell mass adaptation that occurs during chronic glucose infusion.
In summary, by employing a combined mathematical and experimental approach we have performed the most complete analysis of the metabolic adaptation to chronic glucose infusion to date. The results confirm previous reports of transient insulin resistance, elevated in vivo beta cell function and an early wave of neogenesis. Our finding of a second wave of neogenesis provides further support for our previous hypothesis of a late wave of acinar-to-islet transdifferentiation. Overall, the agreement between βIG model predictions and the prevailing literature suggests that this methodology may provide a practical and reliable means of performing integrative and dynamic analysis of metabolic adaptation.
